We propose a volume holographic data storage scheme that employs counterpropagating reference and image beams and wavelength multiplexing for page differentation.
Optical data storage in volume holograms has been an exciting prospect since the early days of holography.' This is due mostly to the theoretical storage capacity of -V/Al bits in a volume V. This, as an example, translates to 8 X 1012 bits in a 1-cm3 volume at A = 0.5 ,.m.
Early attempts at exploiting this potential have been disappointing.t"10 Even though hundreds of holograms have been successfully stored in a single volume in these experiments, the data content of the individual holograms was minimal, and, therefore, so was the overall volumetric information density. This was due partly to material limitations"1", 2 but, more fundamentally, to the intolerably high cross talk resulting from the angular multiplexing method used to record the large number of holograms.'-' In this traditional method, many twodimensional images are recorded sequentially, each with its unique angularly multiplexed reference wave. Recently, however, phase-encoded or spatially orthogonal reference beams have been used to multiplex many holograms."31 4 These approaches, nonetheless, are variations of the basic angular multiplexing technique and differ fundamentally from the orthogonal wavelength-multiplexed storage technique proposed here.
To appreciate the nature of the problem we recall that the basic property, and virtue, of holography is the essentially uniform distribution of the recorded information throughout the physical volume of the recording medium. We assert here the self-evident, but heretofore ignored, fact that it is equally important to distribute the information throughout the 
where
Such a grating can be identified by the point K in KXIKZK space. If the wave E, is spatially modulated, say by image information, the corresponding K point becomes a surface whose extent (or solid angle) is determined by the smallest feature size of the information. Such a surface can be labeled by the reference wave used to record it and is shown as K(rl)ing in Fig. 1 along with the responsible kr$t. The same figure also shows the surface K Lting that is due to a second image recorded with a second, angle-multiplexed reference wave kr.2et Reconstruction of, say, image 2 by illuminating the stored holograms with a wave along kr(2} will inevitably lead to undesirable parasitic scattering 
where K is the coupling constant of the grating and Ak is the spacing in K space. In regions of K space where the separation Ak between k2ge and k2 5 talk is small, the cross talk between holograms 1 and 2 approaches 100%. From Fig. 1 it is evident that such regions exist and that the problem is exacerbated by increasing the information content of the beams, and thus the spread in K space. It is therefore imperative to distribute the gratings as uniformly as possible in K space so as to keep the spacing Ak at a nearly uniform and as large a value as possible, consistent with a given information content of the recorded images. One method that distributes information uniformly in K space is shown in Fig. 2 . Holograms are recorded by counterpropagating image and reference waves kimage and krcf, respectively, as in the figure. All the reference waves propagate along the same, say, z axis, but each is of a slightly different wavelength. The Krntting surface of a single picture is shown in Fig. 2(a) . Figure 2(b) shows what happens when we record two images using two beams differing in frequency by Awc/2v. The increase in the information content of a given image causes a mostly lateral spread of the loci, which allows a more uniform coverage of K space. The mismatch parameter Ak that determines the relative intensity of the cross talk is nearly constant in magnitude so that the level of cross talk is essentially independent of the information content (spatial detail) of the images. This indicates the potential for high data storage capacity by using the proposed storage scheme. The orthogonal nature of the curves in Fig. 2 has led us to call this scheme orthogonal data storage."'' 1 7 Experiments were conducted with a 2-mm-thick z-cut and polished lithium niobate (LiNbO 3 ) crystal. Figure 3 shows the wavelength dependence of the diffraction efficiency in the reflection geometry. The hologram was recorded with A = 641.7 nm and the geometry of Fig. 2 . The figure also shows a theoretical plot of the expected diffraction efficiency. One major surprise is the smaller cross talk of the actual grating compared with the theoretically predicted values. As an example, at 1 nm from the recording wavelength of 641.7 nm, the measured value is -44 dB of the peak value compared with a theoretical value of -37 dB. We believe that the discrepancy is due to an effective apodization whose origin is not fully understood.
The holographic cross talk in an orthogonal data storage scheme was investigated by recording two different, high-resolution holograms written with wavelengths 2 nm apart. Integrated circuit masks consisting of 1-5-pmm-wide lines were used as the transparency T in the experimental arrangement of Fig. 4 . The writing beams were oriented in the counterpropagating geometry of orthogonal data storage. Figure 5 summarizes the experimental results. A holographic cross-talk level of -43 dB is measured at the vacant address at 642 nm, centered 1 nm between the other two informationladen holograms. This value is essentially the same as the plane-wave (no information) result of Fig. 3 , which thus shows that holographic cross talk does not increase in orthogonal data storage as substantial amounts of information are added to the images. Since Ak at a given level of cross talk scales as the inverse of the hologram length, the data of 
